ABSTRACT Imported Þre ant colonies were quantiÞed in 1,000-m 2 circular subplots spaced Ϸ125 m apart on a sheep and goat farm in Oklahoma. Social form (percent polygyny), mound density, cumulative above-ground mound volume, and average mound volume were subjected to multiple regression analyses to examine trends related to landscape metrics and habitat characteristics. Monogyne populations were spatially autocorrelated, and polygyne mounds tended to be smaller and more numerous. A model incorporating the effects of percent polygyny, canopy cover, and 1-d cumulative incident solar radiation explained 34% of the variation in mound density. Percent polygyny was not signiÞcantly related to cumulative mound volume, which provides a better estimate of overall ant biomass. A model incorporating the effects of 1-d cumulative incident solar radiation on the summer solstice, elevation, canopy cover, distance from cisterns, distance from water, and distance from trees explained 42% of the variation in cumulative mound volume. Monogyne mounds in areas that were ßat and close to water in low-lying areas were largest. Results indicate that remotely sensed data in combination with publicly available U.S. Geological Survey data may be useful in predicting areas of high and low Þre ant abundance at a Þeld scale.
The large, earthen mounds of the red imported Þre ant (Solenopsis invicta Buren) are a common sight in pastures throughout the southeastern United States. Although Þre ants can attain impressive population densities under the right circumstances (upward of 600 or more mounds/ha; Vogt et al. 2003) , mound density can vary greatly between and within pastures and other landscapes. Predictive models of the invasive potential of S. invicta on a continental or global scale have been the subject of several studies (Stoker et al. 1994 , Killian and Grant 1995 , Korzukhin et al. 2001 , Morrison et al. 2004 , Sutherst and Maywald 2005 , Fitzpatrick et al. 2007 , Peterson and Nakazawa 2008 . However, few authors have attempted to describe Þre ant populations at a Þeld scale as a function of landscape metrics or habitat characteristics. Allen et al. (2006) constructed two predictive models of Þre ant distribution for the state of South Carolina based on habitat characteristics. Landscape metrics were not important predictors of Þre ant abundance, but several habitat characteristics exerted a signiÞcant effect on Þre ant population densities in logistic models. Fire ants were most likely to be encountered in freshwater marsh, longleaf pine, and cleared land habitats (probability ϭ 1.00, 0.82, and 0.60, respectively) and least likely to be encountered in mesic mixed, maritime, and saltwater marsh habitats (probability ϭ 0.05. 0, and 0, respectively). A statewide effort in Louisiana to determine factors inßu-encing population density and social form of Þre ants showed differences in mound size caused by habitat type as well as soil texture and chemistry (Milks et al. 2007 ). Multivariate models only explained Ϸ25% of the variation in ant and nest density; however, this study was the Þrst to examine potential effects of soil chemistry on Þre ant abundance and social form. Fire ant density and mound size were positively correlated with soil characteristics that favor plant growth (phosphorus and organic matter). As the authors mentioned, these associations may be caused by positive effects on prey abundance and resulting increases in Þre ant abundance or may actually be cumulative physico-chemical effects of Þre ant mound building activity within areas over time. Porter et al. (1991) found polygyne colonies at 54% of sites surveyed in Texas but found no signiÞcant relationships between polygyny and habitat or environmental conditions. At a Þner scale, Stiles and Jones (1998) examined Þre ant mound density in linear habitats (roads and powerline rights-of-way) in South Carolina. They found significant edge effects, with colonies generally being more abundant along road edges or forest edges. Mounds on northern edges of linear habitats tended to be larger. They hypothesized that the differences observed might be caused by physical soil characteristics, differences in frequency of disturbance (less mowing along edges), and differential shading. Menzel and Nebeker (2008) examined hybrid imported Þre ant distribution in Mississippi forest habitats. Locations where hybrid imported Þre ants existed generally had less canopy cover, more woody and herbaceous plant ground cover, and greater proportion of mature pine (measured as percent of diameter at breast height [dbh] of all trees Ն5 cm dbh in an area) than locations where they were absent. These differences were found to be caused by local conditions rather than competitive interactions with other ant species. Tschinkel (1988) conducted a detailed study of the presence and abundance of S. invicta and a native Þre ant, S. geminata, across habitat types with varying levels of disturbance in Florida. This study presented a compelling case for soil disturbance as an important factor in establishment and dominance of the invasive S. invicta. In another study, a relatively undisturbed Black Belt Prairie remnant in Oktibbeha County, MS, was nearly devoid of Þre ants despite containing much apparently suitable, open habitat, whereas nearby pasture areas contained hundreds of Þre ant colonies per hectare (J.T.V., unpublished data).
Other authors have examined spatial distribution patterns of individual colonies on a small scale. For example, Adams and Tschinkel (1995) examined competitive interactions of young Þre ant colonies by manipulating and measuring their spatial distribution and measured dispersion of colonies in a mature population. Naturally occurring incipient colonies were signiÞcantly clumped, whereas mature populations were distributed regularly. Brood raiding in young colonies resulted in spatially random mortality rather than expected distance-dependent mortality; several possible explanations were given for this result. Baroni-Urbani and Kannowski (1974) examined spatial distribution of colonies in a 20,800-m 2 pasture in Louisiana and determined that the population was aggregated. Tschinkel and Howard (1983) observed that new nests of founding S. invicta queens were strongly associated with slightly (a few inches) higher terrain in a study site, where rain runoff would not inundate the new nests; they were unable, however, to determine the relative importance of topography and soil characteristics in determining nest site preference.
Additional studies have focused on one or a few habitat variables and their impact on Þre ant colonies. Structures may play a role in location preference or survivability of Þre ant colonies. Thorvilson et al. (1992) noted increased overwintering survival of colonies located next to a curb and a wall with southern exposure compared with colonies located in an open area near Lubbock, TX. They also detected signiÞcant differences in nest temperature for different nest locations, indicating that building mounds next to structures confers some thermal advantage to the colony. Canopy and resultant degree of shading can inßuence Þre ant population densities, presumably because of decreased solar insolation. Fleetwood et al. (1984) documented increased mortality of lone star tick (Amblyomma americanum) caused by Þre ant predation in open areas compared with thicket (canopied) areas in Texas. In southeastern Louisiana longleaf pine savannas, Þre ants can dominate open, grassy areas (Colby and Prowell 2006) .
Soil moisture may play a critical role in the abundance and/or size of Þre ant colonies. In an early study in Brazil, Allen et al. (1974) found large colonies of S. invicta to be restricted to moist or protected areas; however, Williams and Whitcomb (as cited in Allen et al. 1974) noted mounds in open areas in Brazil in February, during the rainy season. Fire ant mounds exhibit seasonal change, becoming lower and less conspicuous during dry periods (Tschinkel 1993) , so a perceived lack of colonies in dry areas may be caused, at least in part, by reduced visibility and detectability.
In pastures, discrete extrinsic and intrinsic features such as roads, buildings, and ponds may inßuence Þre ant abundance. Variation in habitat elements such as vegetation density, slope and aspect (and resultant insolation), elevation, soil moisture, and soil disturbance may also inßuence Þre ant populations on a Þeld scale. In an attempt to gain a better understanding of Þre ant abundance and distribution in animal production agroecosystems, we measured Þre ant density and mound size on a sheep and goat farm in Oklahoma along with landscape metrics and habitat characteristics. SpeciÞcally, we wanted to determine whether readily available and/or easily extracted data acquired through multispectral remote sensing and U.S. Geological Survey sources might be useful for modeling Þre ant abundance at a relatively coarse spatial scale (120-m 2 sampling grid) within pasture. We were especially interested in examining effects of slope, aspect, and resultant insolation, because these have received little attention in previous studies, with the exception of Porter et al. (1991) , and the data are readily available. A better understanding of variation in Þre ant abundance at this scale may yield information useful for imputing the presence and abundance of Þre ant mounds based on a subset of detectable mounds in remotely sensed data and ultimately for using precision application of chemical or biological control measures. Other uses may include low-cost identiÞcation of high Þre ant density areas for research or biological control efforts before Þeld data collection or identiÞcation of suitable sentinel sites for regulatory surveys.
Materials and Methods
Sampling Site. The study site was a sheep and goat farm located in Johnston County, OK (Ϸ96Њ34Ј20Љ W, 34Њ11Ј38Љ N; Fig. 1 ). The area sampled was Ϸ1.67 km marily Bermuda grass, Cynodon sp., with some fescue, Festuca sp.) to unmanaged areas dominated at the time of sampling by ragweed (Ambrosia sp.). Large areas of hardwood forest were present in the northern half of the site, and many of the pasture areas also contained scattered hardwoods and cedars. Several buildings, cisterns, and ponds were also present.
Data Acquisition. Fire ant mounds were quantiÞed and measured within 1,000-m 2 circular plots (n ϭ 108) centered on grid points spaced Ϸ120 m apart. Each mound was measured (long axis, short axis, height) and assessed for activity by probing with a small stick and observing workers rushing out to defend the colony. Above-ground mound volume was estimated using a formula for the volume of an oblique cone, with a correction factor (Vogt 2007) . Social status of colonies across the Þeld was determined by collecting a sample of 20 Ð30 worker ants from each of three randomly selected mounds in each plot where mounds were present. Samples were placed in 70% ethanol and Fig. 1 . Aerial digital true color composite of study site in southern Oklahoma. White plots contained no imported Þre ant mounds, green plots contained polygyne colonies, orange plots contained both monogyne and polygyne colonies, and red plots contained monogyne colonies.
transported to Stoneville, MS, to determine social status using the method described by Chen and Allen (2006) , yielding an estimate of percent polygyne and percent monogyne mounds.
Aerial multispectral imagery (red, green, blue, nearinfrared) of the site was acquired in May 2006 through GeoData Airborne Mapping and Measurement, Weir, MS. Visual resolution of the imagery was just under 0.16 m. The camera system is described in detail in Vogt (2004) . Because ground truth data were not obtained at the time of the ßight, data were calibrated to yield "reßectance-like" data using the log residuals tool in ENVI (ITT Industries, Boulder, CO) (Green and Craig 1985) . The resulting data were used to calculate the ratio vegetation index (RVI; near-infrared/red) (Jordan 1969) . Landscape metrics derived from the imagery for each plot included Euclidean distance from cisterns, ponds, trees, and buildings. Trees were classiÞed using Feature Analyst for ArcGIS (Visual Learning Systems, Missoula, MT), and percent canopy cover was calculated for each plot.
Digital elevation models and additional orthoimagery of surrounding areas were obtained from the U.S. Geological Survey, EROS Data Center, Sioux Falls, SD (http://seamless.usgs.gov). Slope, aspect, and 1-d cumulative incident solar radiation (w ϫ h/m 2 ) for each sampling plot were extracted from digital elevation models using 3D Analyst and Spatial Analyst tools in ArcMap (ESRI, Redlands, CA). Cumulative insolation was calculated for the Þrst day of sampling (sampling took 3 consecutive d to complete). To test for potential effects of thermal history on Þre ant distribution, additional calculations were performed to determine cumulative insolation on the winter solstice (21 December) when sun angle is lowest, and on the summer solstice (21 June), when sun angle is highest. Data Analysis. An r 2 selection method was applied to the data to determine the best potential predictive variables for polygyny (expressed as percent polygyne mounds detected), log 10 -transformed Þre ant abundance data (mound density and cumulative mound volume), and log 10 -transformed average mound volume. Stepwise regression was used to eliminate nonsigniÞcant variables. Analysis of commonality (Emigh 1984) was used to determine the relative and combined contributions of signiÞcant variables in the models. Regression and commonality analyses were performed in SAS (Ver. 8.02; SAS Institute, Cary, NC). Additional visualization techniques (semivariograms, scatter plots, contour plots) were used to examine trends in the data. Graphics were produced using SigmaPlot 8.0 (Systat Software, San Jose, CA).
Results
Social Form. The majority of plots across the study site were dominated by polygyne mounds; some plots had mixed populations, with only a few dominated by monogyne mounds. Plots with monogyne mounds were strongly aggregated (Fig. 1) . In a model assuming spatial independence, polygyny was signiÞcantly related to elevation and RVI (F ϭ 11.65, df ϭ 2,92; P Ͻ 0.0001, r 2 ϭ 0.2021). Residuals for the model were spatially autocorrelated, however, and examination of Ϫ2 residual log likelihood indicated that a model incorporating an exponential spatial error term was more appropriate; in this model, elevation and RVI were not signiÞcant, but polygyny was related to mound density and cumulative mound volume (F ϭ 5.49; df ϭ 2,92; P ϭ 0.0056; Table 1 ). Plots that were dominated by polygyne colonies contained large numbers of mounds, with correspondingly high cumulative mound volume, whereas plots dominated by monogyne colonies had low numbers of mounds with wide variation in cumulative mound volume. Some monogyne areas with relatively low numbers of mounds had cumulative mound volume comparable to polygyne areas with two to three times as many mounds (Fig. 2) . Overall, social form was more closely related to mound density than to cumulative mound volume. Mound Density. Mound density (log 10 -transformed) was best predicted using a model including insolation at time of sampling, canopy cover, and percent polygyny (F ϭ 15.7; df ϭ 3,91; P Ͻ 0.0001; r 2 ϭ 0.3411; Table 1 ). Polygyny was the most important predictor of mound density, accounting for Ϸ42% of the variation explained by the model, followed by insolation at sampling (14%) and canopy cover (11%) (Fig. 3) . These percentages are measured by analysis of commonality of the regression equation. The percentages indicate unique contribution (partial sums of squares) of the independent variable, alone or in combination, as well as information explained in common (collinear) with other independent variables. Mound densities ranged from Ϸ50 (20 mounds/acre) to 220 mounds/ha (88 mounds/acre) for monogyne and polygyne areas, respectively. The effect of both insolation at sampling and canopy cover in combination with polygyny were important in the model, explaining Ϸ18% of the variation. Plots with monogyne or mixed populations did not approach the high mound densities of the polygyne plots, even under conditions of high insolation and no canopy cover. There were no indications of potential problems with collinearity, and residuals for the model were not spatially autocorrelated.
Mound Volume. A model incorporating the effects of summer solstice insolation, elevation, canopy cover, distance to a cistern, distance to water, and distance to trees explained Ϸ42% of the variation in log 10 -transformed cumulative mound volume (F ϭ 12.17; df ϭ 6,101; P Ͻ 0.0001; r 2 ϭ 0.4196). The models above for social form and mound density had fewer degrees of freedom because of exclusion of plots with zero mounds; in the case of cumulative mound volume, social form was not signiÞcant, and all plots were included in the model. Canopy cover and summer solstice insolation explained the largest proportions of the variation (37 and 22%, respectively; Fig. 4) , with each remaining explanatory variable accounting for Ͻ8%. The combined effect of canopy cover and summer solstice insolation accounted for an additional 16%. Other combinations of variables made relatively minor contributions to the model. Not surprisingly, collinearity was noted among some paired habitat and landscape variables including insolation and elevation, canopy and tree distance, and insolation and distance from water, but the variation explained in common was generally Ͻ6%.
We also examined log 10 -transformed average mound volume (calculated for each plot) to detect possible trends caused by local conditions or social form. Slope, elevation, distance from water, and percent polygyny all had signiÞcant negative effects on average mound volume (F ϭ 10.14; df ϭ 4,86; P Ͻ 0.0001; r 2 ϭ 0.3204; Table 1 ). Polygyny accounted for Ϸ59% of the variation explained by the model, and elevation and distance from water each accounted for Ϸ19%. The combined effect of elevation and polygyny accounted for another 17%. Areas with higher slope tended to have slightly smaller mounds. Polygyne mounds within 100 Ð150 m of water (a cistern or pond) tended to be about twice as large as mounds 300 Ð 400 m from water. For plots close to water, the effect of elevation was negligible, but average mound size decreased with increasing elevation at greater distances from water (Fig. 5) . Additionally, mounds very close to water tended to be smaller than mounds at a moderate distance from water. Trends were similar for mounds in monogyne and mixed plots, but mounds were larger overall.
Our analyses make the assumption that Þre ant density (mounds or cumulative mound volume) per plot can be approximated using linear models. Although count data frequently follow a Poisson distribution when the average count is close to zero, our data do not have an abundance of zeros, the log 10 -transformed values are used, and inference is about the mean (predicted) values. We conclude that the assumption of normality is valid but caution that applying our models to data that have an abundance of zeros may be problematic because of prediction outside of the range of data and difÞculties caused by use of the wrong distribution.
Discussion
Social Form. Monogyne colonies in our study were strongly aggregated in areas of low elevation and high vegetation density, but these trends were not significant in a model taking spatial autocorrelation into account. Clearly, additional data are needed to see whether elevation, vegetation density, or other habitat characteristics inßuence social form of imported Þre ant colonies at a Þeld scale. Porter et al. (1991) found no differences in social form caused by habitat characteristics (proximity to trees, vegetation type, soil type, climatic conditions, topography, ground cover, and solar orientation) during an extensive survey for polygyne populations in Texas. Resampling several months later showed that a small percentage of sites (Ϸ18%) switched from monogyny to polygyny, or vice versa; however, error associated with determination of social form and exact site location made interpretation of results difÞcult. Their study was not designed to detect differences in social form or abundance on a Þne scale within Þelds; rather, it provided regional data on social form and abundance across several Texas counties. Porter (1993) observed little change in social form at Þeld sites over a 1-to 3-yr period, whereas Greenberg et al. (1992) documented an increase in polygyny in a Texas pasture over a period of 9 yr, although some monogyne colonies persisted in the same area. Neither study included detailed characterization of habitat variables or landscape metrics. Sternberg et al. (2006) documented possible differences in social form and mound density in adjoining plots of a variety of Old World bluestem [Bothriochloa bladhii (Retz.) S. T. Blake] and other pasture grasses such as Bermuda grass in Texas. Overall ant density, however, as measured by baited cups and a population index (Lofgren and Williams 1982) , was similar between plots. Variables not measured in this study, such as soil characteristics, may play roles in overall ant density or social form (Milks et al. 2007) . Remotely sensed data such as vegetation indices may show patterns that are not immediately obvious to researchers on the ground. Although it is generally acknowledged that polygyne populations are expanding in the United States, if monogyne colonies persist in discrete areas, it is possible that certain environmental conditions favor one social form over another. We intend to revisit this study site to examine stability of monogyne and polygyne populations in the future.
Mound Density. It is evident from Fig. 3 that imported Þre ant colonies can exist in partially canopied areas, provided insolation is sufÞcient. This is in agreement with recent work by Menzel and Nebeker (2008) , who described the effects of local environmental conditions on hybrid imported Þre ant density and interspeciÞc competition in Mississippi forests. Indicators of forest disturbance (open canopy, high vegetative ground cover, and high percentage of pines) were positively associated with abundance of imported Þre ants, but they were collected under a range of canopy cover conditions. Our results indicated that the ability for imported Þre ants to invade partially canopied areas on a local scale is inßuenced by overlying patterns of insolation. Insolation at the time of sampling was a better predictor of mound density than insolation during the winter or summer solstices, when considered with canopy cover and polygyny. Differences between the models were small, and all models were signiÞcant. Imported Þre ant nests are not permanent structures, and it is likely that they move in response to local habitat variations. Some ant species are known to relocate their nest sites seasonally; for example, the invasive Argentine ant [Linepithema humile (Mayr)] is seasonally polydomous, moving to and from nest sites in response to microclimate changes (Heller and Gordon 2006) . Several other ant species are known to move with varying frequency (Smallwood 1982 and references therein) . S. richteri abandon their mounds and construct new ones every 3.1 mo on average in Argentina, where movement is stimulated by rainfall (Briano et al. 1995) . It would be useful to collect imported Þre ant distribution data and calculate corresponding insolation data at different times of year to determine whether colonies move in a predictable fashion in response to local changes in insolation.
Mound Volume. Mound volume is closely related to colony biomass (Tschinkel 1993, Macom and Porter 1996) and provides a good estimate of overall imported Þre ant density in areas. Polygyny was not signiÞcant in our predictive model, suggesting that environmental or habitat factors inßuence total ant biomass in similar ways, regardless of social form. Summer solstice insolation was positively correlated with cumulative volume, whereas increased elevation and increasing distance from trees and water sources were negatively correlated. In the study of Tschinkel (1988) of monogyne S. invicta, imported Þre ants seemed to be limited in distribution to pond edges in some habitats, but it was unclear whether this was caused by a high water table and less xeric conditions, frequency of ßooding (to which S. invicta is adapted), or negative impacts on competing ant species. Early observations by Lyle and Fortune (1948) indicated that imported Þre ant mounds were located primarily in low areas such as ditches or near bodies of water in southern Alabama and Mississippi. There has been speculation among entomologists that imported Þre ant alates may be attracted to bodies of water, but to our knowledge, this has not been borne out with formal observations. In our study, close proximity to artiÞcial water sources (cisterns) and natural water sources (ponds) both favored high ant density. The negative effect of increased distance from trees is more difÞcult to explain. Imported Þre ants readily forage in tree canopies, and trees may represent an important resource in terms of insect prey and honeydew, enabling nearby areas to support higher ant populations.
Average mound volume was also negatively correlated with elevation and distance from water; thus, we cannot say whether the effects of elevation and distance from water sources in the model for cumulative mound volume above were a direct result of lower population density or a result of local conditions inßuencing the nature and/or size of mounds. In a study by Macom and Porter (1996) , 77Ð 85% of variation in imported Þre ant mound volume was explained by worker number, total number of individuals, worker biomass, and colony biomass. No differences in these relationships were detected between monogyne and polygyne colonies. Given the close relationship between mound volume and colony size, the second explanation above is unlikely, but should not be dismissed without further study.
This study yielded information on habitat characteristics that tend to favor (increased insolation, proximity to water) or suppress (canopy cover, elevation) imported Þre ant populations. Of the habitat variables examined, canopy cover and insolation were the most important predictors of Þre ant population density. Combined effects of these two variables suggest that Þre ants can inhabit areas with some canopy cover, provided that sufÞcient sun exposure occurs in those areas. A better understanding of habitat characteristics and landscape metrics affecting Þre ant populations is a Þrst step in predicting population density based on these variables. Our results may be useful in planning Þeld trials or other research projects that require high Þre ant abundance by allowing researchers to concentrate on those areas within a larger area that are likely to have numerous ant colonies based not only on canopy cover but insolation and other variables. For regional detection efforts using remote sensing (Vogt 2004) , these data would be useful for ßight planning to concentrate on areas with potentially high Þre ant abundance, thus reducing costs, or areas with potentially larger mounds, increasing detection rates. Additional habitat characteristics that might inßuence Þre ant abundance include abundance of other arthropods and plant species composition, neither of which is readily acquired using remotely sensed data or internet sources. As mentioned above, additional soil characteristics (soil moisture and chemical and physical properties) may be important predictors of Þre ant abundance. Finally, land use patterns such as grazing intensity and management practices are likely to affect Þre ant abundance. Work is underway to apply these models to unique sites in different geographic regions to test predictive value and to determine the effects of potential predictive variables at increased spatial resolution in pastures and other areas.
